The Y ohkoh satellite has registered X-ray spectra of two solar Ñares with a linelike feature in the region 400È500 keV. Analysis shows that this feature can be interpreted as gamma-ray lines from excited 7Li and 7Be produced from a ] a reactions. The 7Li production rate in the solar atmosphere is estimated from these observations. The lower limit on the Ñare-produced 7Li abundance on the Sun is determined. This value is several times less than that obtained from optical observations of the solar atmospheric 7Li.
INTRODUCTION
. observed abundances of the elements with A º 12 can be explained by production through chains of nuclear reactions in the stellar interiors. Li, Be, and B are not produced in these reactions. Moreover, they are too fragile to survive in the hot environment of stellar interiors.
There are two mechanisms of Li, Be, and B production. Spallation of interstellar matter by cosmic rays yields approximately sufficient amounts of 6Li, Be, and B, but 7Li appears underproduced in this mechanism. Creation in the big bang is likely the main mechanism of 7Li production in the universe
The abundance of 7Li changes in (Reeves 1994) . stellar atmospheres as a result of at least two mechanisms. One of them is the burning of 7Li in the starsÏ interiors. The observations show that the ratio Li/H in the protosolar nebula is on the order of 10~9 During (Reeves 1974) . 108È109 years, Li is destroyed in the solar interior. The observations conÐrm a decrease of the lithium abundance on the Sun by 2 orders of magnitude (Peach 1968 ; Wiehr, Stellmacher, & Schroter & Roesler 1968 ; Traub 1971) . At the same time, there is evidence of lithium production in some stars due to some undeÐned mechanism. The observations show that the Li abundance on some red giants & Wallerstein (Boesgaard 1970 ; Torres-Peimbert and young stars exceeds the average abundance in the 1966) universe by 2 orders of magnitude et al. (Ryter 1970) . Two explanations of these observations are proposed. & Fowler suggested that Li produced in Cameron (1971) the helium envelopes of red giants comes to the surface of the stars as the result of a strong convection. But this mechanism cannot work on the young stars. Therefore the production of the light elements in nonthermal nuclear reactions seems the most appropriate mechanism that can be responsible for enrichment of stellar photospheres by Li.
The advantage of this mechanism is that it can take place on any star with strong magnetic activity of the atmosphere.
et al.
analyzed the e †ectiveness of Li proRyter (1970) duction on young stars due to nonthermal spallation reactions. These reactions were not e †ective enough to explain the observed abundance of Li.
concluded that Canal (1974) the production of Li by accelerated particles becomes e †ec-tive if one takes into account the reaction a ] a. Recently it has been found that 7Li is 20È200 times overabundant on the X-ray transient sources A0620[00, Cen X-4, and others.
Spruit, & van Paradijs assumed that Martin, (1994) the a ] a reaction is the main source of 7Li on these objects. This assumption is supported indirectly by Granat observations of the linelike feature in the spectra of emission in the range 400È500 keV from X-ray Nova Mus 1991 (GRS 1124[68 ;  et al. But a direct veriÐcation that Sunyaev 1992). 7Li can be produced in large amounts from the reaction a ] a is necessary. The Sun is the nearest star where this assumption can be veriÐed.
The observations of the Solar Maximum Mission (SMM) provided the Ðrst direct evidence of Li and Be production on the Sun during Ñares et al. A further step (Murphy 1990) . in the investigation of these processes was made by observations by the Y ohkoh spacecraft Here (Yoshimori 1993). we present an analysis of the problem of Li production in solar Ñares based on Y ohkoh data.
INSTRUMENT AND OBSERVATIONS
The Y ohkoh spacecraft, launched in 1991 August, has spectroscopic capabilities in a wide energy band, from soft X-rays to gamma rays. The relevant instruments installed on Y ohkoh consist of the soft X-ray spectrometer (SXS), the hard X-ray spectrometer (HXS), and the gamma-ray spectrometer (GRS). For the search and the analysis of gamma-ray lines from excited 7Li and 7Be, the HXS data were used.
The HXS consists of an NaI scintillator that is 76 mm in diameter and 25 mm in thickness. This detector is used for detecting hard X-rays in the energy band from 20 to 700 keV. The HXS primary output data are 32-channel pulse height data every 1 s and two-channel pulse count data every 0.125 s. The energy resolution of the instrument is 8% at 662 keV.
In-Ñight energy calibration is achieved by detection of a 60 keV line from 237Np nuclear de-excitation (237Np is an 241Am a-decay product). In this HXS calibration, the 60 keV line event in coincidence with an a-particle (5.48 MeV) event detected with two silicon detectors is recorded. In addition, the in-Ñight calibration was performed with the 0.511 MeV e`e~annihilation line visible in the background Yoshimori (1991) . Y ohkoh has observed about 1000 solar Ñares since its launch in 1991 August. Out of a large number of events, we selected about 10 large Ñares whose energy spectra extended above 1 MeV and analyzed both HXS (20È700 keV) and GRS (0.4È13 MeV) spectra in detail. Keeping in mind the scientiÐc importance of line features resulting from Li ] Be lines and the positron annihilation line in the 400È550 keV band, we analyzed the photon spectra with strong attention to these features in the HXS data. Since the GRS has the lower threshold energy around 400 keV, it was difficult to use the data from this spectrometer for search and analysis of the line excess from the Li ] Be production reactions.
The linelike excess in the 400È500 keV energy range was observed in Ñares on 1991 October 27 and November 15. The time proÐle of X-ray emission for the 1991 November 15 Ñare event is presented in
The linelike features Figure 1 . in the energetic spectra were observed during two time intervals, 2237 : 36È2237 : 44 and 2237 : 46È2237 : 50 UT. These intervals are marked in by horizontal Figure 1 arrows.
contains the hard X-ray time proÐle of the Figure 2 Ñare on 1991 October 27. As in the previous case, the horizontal arrow shows the time interval during which the excess in the 400È500 keV region in the spectra of the emission was observed.
The analysis of the gamma-ray lines was performed by the least-squares method. We assumed that the observed linelike feature in the spectra of the emission was formed by two gamma-ray lines from excited 7Li and 7Be. The excited nuclei are produced during solar Ñares through the reactions
Because of Doppler broadening, the positions and widths of the 429 and 478 keV lines can vary. These shifts depend on the angular distribution of the interacting a-particles & Ramaty Kozlovsky, & (Kozlovsky 1974 ; Murphy, Ramaty 1988) .
The cross sections for the excited Be and Li production are similar et al. King et al. 1977) . We (Glagola 1982 ; assumed that the characteristics of the lines are the same. Therefore the incident photon spectrum is approximated by the function
where E is the photon energy in keV. The spectrum consists of the power-law continuum and two lines of equal intensity and width. The energies of these lines di †er by 49 keV. The parameters of the incident photon spectrum were determined by the least-squares method. The counts in the channels were calculated by the convolution of the incident spectra with the response function of the detector : The emission excess is seen at the Figure 3 . 3 p level. The total Ñuence in every line is 3.3^1.6 photons cm~2.
The best Ðt for the time interval 2237 : 46È2237 : 50 UT is shown in
The lines are seen on a better than 5 p Figure 4 . level. The Ñuence in the lines is 6.8^1.7 photons cm~2. For both cases, the results of the approximation are in agreement with the 429 and 478 keV lines from excited Li and Be.
shows the count spectrum of the 1991 October Figure 5 27 Ñare with the results of the approximation of the spectra integrated over 0541 : 07È0541 : 17 UT.
We did not obtain a good approximation for the continuum, although the incident photon spectrum was approximated by a more complicated function,
We believe that this is due to the presence in the continuum of the prompt gamma-ray lines produced by de-excitation of CNO, Mg, and Fe in the 200È400 keV energy range. The excess of Ñux above the continuum in this energy range is clearly seen in Figure 5 . The estimated Ñuence in the line is 10 photons cm~2. The spectral parameters are in agreement with the nuclear deexcitation lines of Be (429 keV) and Li (478 keV).
The results of our analysis exclude the possibility that the observed emission excess in the spectra is the result of a contribution from the 511 keV positron line, either through three-photon decay or as a result of backscattering from the photosphere. First, the backscattering from the photosphere is negligibly small in the 500 keV region (Bogovalov, Kelner, & Kotov Second, because of the in-Ñight 1987). calibration of the HXS, the 511 keV positron line is well deÐned in the HXS count spectra and is well distinguished from the observed excess in the region 400È500 keV.
COMPARISON WITH OTHER PROMPT GAMMA-RAY LINES
Y ohkoh was able to observe gamma-ray lines for these two Ñares with the GRS. The brightest line in the spectra registered by the GRS was the 4.4 MeV line from excited 12C. The estimate of the Ñux in this line from the 1991 October 27 Ñare is 0.081^0.001 photons cm~2 s~1, and that from the 1991 November 15 Ñare is 0.119^0.006 photons cm~2 s~1.
shows the ratio of the Ñux in the 4.4 MeV line to (1985) . The spectra of the accelerated protons and ions were taken in the form
where E is the energy of the particle per nucleon, c is the spectral index, and is the relative abundance of nuclei in A i the accelerated particles. out that they were found in all Ñares in which the prompt lines of nuclear origin were registered by the Y ohkoh experiment. It can witness that these Ñashes always accompany Ñares with nuclear gamma-ray lines.
A qualitatively similar result was earlier obtained for the 1981 April 27 Ñare by Murphy et al. They (1990 They ( , 1991 . concluded that either the accelerated particles or the target was overabundant in a-particles by a factor of 4. This ratio was derived for the Ñuxes in gamma-ray lines averaged over 29 minutes of observations. Unfortunately, information about temporal evolution of the Ñuxes in the 0.429 and 0.478 MeV lines in the 1981 April 27 Ñare is not available.
The discrepancy obtained for the Ñares on 1991 October 27 and November 15 cannot be explained only by an overabundance of accelerated a-particles ; a-particles give a considerable deposit in the generation of the 4.4 MeV line. The lower curve in shows the lower possible limit on Figure 6 the ratio of the Ñux in the lines for an unacceptably large overabundance of a-particles. The discrepancy could be explained partially by an underabundance of CNO in the region of the generation of gamma rays, by at least a factor of 30. Evidence that the coronal abundance of CNO is less than the photospheric abundance by a factor of 2È4 was obtained by & Murphy and by Ramaty (1987) Meyer But this by itself is not sufficient for the explanation. (1985) . The discrepancy also cannot be explained by center-to-limb variation of the gamma-ray linesÏ intensity. They all occurred near the center of the solar disk (S13 E15 for 1991 October 27 and S12 W13 for 1991 November 15 ;
where the absorption of gamma rays in Yoshimori 1993), the solar atmosphere is negligible.
EQUILIBRIUM 7Li ABUNDANCE
At least 0.3 metric tons of excited Li and Be nuclei were produced during the solar Ñare of 1991 November 15. One can estimate the equilibrium concentration of 7Li nuclei in the solar atmosphere by assuming that they are produced only in solar Ñares and that a leakage of Li nuclei occurs with the solar wind.
The equation determining the total amount of Li nuclei on the Sun is
where W is the average Li nuclei production rate, is the M 0 solar wind mass-loss rate, is the hydrogen atomic mass, m H and is the hydrogen concentration. At equilibrium, n H From it follows that the equilibrium N 0 \ 0. equation (7) ratio of Li to hydrogen is
To estimate W , we calculated the ratio of the total amount of 7Li produced from the a ] a reaction to the amount of excited 7Li produced by the same reactions. The cross sections of these reactions were measured by et al. Glagola and by et al.
The spectra of a-particles (1982) King (1977) . were approximated by a power-law function with spectral index c. The results of the calculations are presented in
Since the dependence on c is weak, we assumed for Figure 7 . further estimations that this ratio is D2.4.
7Be is unstable, decaying to 7Li over 56 days. The cross section of 7Be production is practically the same as that for 7Li et al. et al.
Taking into (Glagola 1982 ; King 1977) . FIG. 7 .ÈRatio of total number of 7Li nuclei to the excited ones produced from a ] a reactions vs. power-law spectral index, c.
account the ratio of total nuclei to excited nuclei and the decay of Be into Li, we assumed that 4.8 nuclei of 7Li were produced per emitted photon with the energy 0.429 MeV.
Unfortunately, the existing data are not sufficient to estimate directly the average production rate of excited 7Li. Two assumptions were made. First, we assumed that there is a correlation between hard X-rays and nuclear gamma rays. This assumption is supported by the results of Cliver, Crosby, & Dennis Second, we made a conservative (1994) . assumption that only 0.3 metric tons of excited Li nuclei are produced in each solar Ñare with X-ray peak intensity greater than that observed in the 1991 November 15 event. According to SMM, such Ñares occur, on average, every 6.6 days during solar maximum Taking into (Dennis 1985) . account that Ñares also occur on the opposite side of the Sun, we accept that Ñares similar to that of 1991 November 15 occur every 3.3 days. A similar estimate for the rate of gamma-ray Ñares can be obtained from GRS data of SMM. During 3 years, SMM registered roughly 200 gamma-ray Ñares. All these assumptions yield the following estimate :
According to optical observations, the Li nuclear abundance in the solar photosphere is & Roesler (Peach 1968 ; Wiehr 1968 ; Traub 1971 ; & Anders Grevesse 1989) .
DISCUSSION
Y ohkoh observations yield direct evidence of 7Li production in solar Ñares. We have made an attempt to estimate the concentration of 7Li in the solar atmosphere due to solar Ñares. This estimate is in fact a lower limit on the 7Li abundance, for the following reasons :
Excess in the lines from excited Li and Be was observed by Y ohkoh during short episodes. For an estimate of the production rate, Li produced only during these short episodes was used. It is clear that the number of Li produced in the considered Ñares can be an order of magnitude greater than that used by us for estimates.
It was assumed that every Ñare with a peak count rate in X-rays grater than that observed in the 1991 November 15 Ñare produced the same amount of Li observed by us in this Ñare. This is the lower limit estimate for two reasons. First, the production of Li in weaker Ñares was not taken into account. Second, there is no doubt that the number of produced Li nuclei grows with the power of the Ñare et (Cliver al. 1994) .
The presented arguments show that the abundance of Li in the solar atmosphere due to production in solar Ñares can be remarkably greater than D10~12 and can be comparable with the value determined from optical observations. This is why we believe that the Y ohkoh observations provide evidence that nonthermal processes in the atmospheres of stars can play an important role in the production of the light elements, 7Li in particular. Even our lower limit estimate is not greatly di †erent from the abundance estimated from optical observations. We cannot exclude the possibility that more accurate estimates based on gamma-ray observations will yield an abundance exceeding the real value. Let us consider this opportunity in more detail. Our estimate of the equilibrium lithium abundance follows from
In this equation, the equation (7). burning of 7Li was not taken into account. This assumption is based on the fact that the convective zone under the photosphere does not reach the region with a temperature high enough to destroy 7Li
If a more accu-(Gibson 1973). rate estimate of Li abundance following from equation (7) exceeds the real Li abundance, this likely means that this assumption is incorrect and that the convective zone reaches the high-temperature region. In other words, more accurate estimates of the abundance of 7Li production in solar Ñares can be used as a test of the theory of internal structure of the Sun.
To estimate more accurately the role of nonthermal processes in the production of 7Li on the Sun, some new observations are necessary. These observations should be directed to the measurement of the rate of Li production. This is the most uncertain parameter in our estimates.
We call attention to the fact that our conclusion about the production of a remarkable amount of Li can be veriÐed independently by optical observations. There are two ways. Since Li is mainly produced during the period of solar activity, temporal variations of concentration of Li in the solar atmosphere are possible. Observations of a dependence of Li abundance on solar latitude could also witness a nonthermal mechanism of Li production.
